We present a porous ductile Mo particles reinforced Mg-based metallic glass composite, exhibiting superior mechanical performance with up to 10% compressive strain and 1100 MPa stress at room temperature. For a given amount of particles, the porous particles will generate more interfaces between the reinforcements and matrix and, thus, can confine lots of microsized compartments of the Mg based glassy phase within the porous particles. This promotes the deformation to distribute more uniformly across the specimens, improving the ductility. We suggest that porous ductile particles might preferably be used to toughen amorphous materials with stubborn brittleness. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2828037͔
Mg-based bulk amorphous alloys are of interest due to their low densities as compared to most other amorphous alloys, in particular the Pd or Zr alloys.
1-3 However, the monolithic Mg-based bulk metallic glasses ͑BMGs͒ exhibit intrinsic brittleness at room temperature. They always tend to break into pieces by catastrophic fracture before or upon the yielding occurrence. [4] [5] [6] [7] To overcome the weakness, Zheng et al. 8 used the high / B ratio ͑where and B are the shear and bulk modulus, respectively͒ concept to predict the compositions of monolithic Mg-based BMGs. However, the resulting BMGs do not display the impressive ductility like Pt-and Zr-based BMGs. Many efforts have made to demonstrate that developing Mg-based metallic glass composites ͑BMGCs͒, rather than monolithic metallic glasses, is a preferable method, thus, in situ precipitated or refractory particles reinforced Mg-based BMGCs with improved compressive strength and appreciable strains have been explored so far. [9] [10] [11] [12] Recent investigations have demonstrated that if the BMGs are divided into compartments on micron scales, their compressive ductility could be improved significantly. 13, 14 The small partition regions limit the propensity of forming matured shear bands. In fact, each compartment, if standing alone, can deform a lot with high failure resistance, as demonstrated in previous study. 8, [15] [16] [17] [18] Following the idea, we explore here another approach to toughen the brittle Mg-based BMGs. Rather than using solid particulates, we add porous metallic particles into the glassy matrix, acting both as ductilizers ͑as in composites͒ and as "microscale compartment" formers inside the particles. Here, refractory Mo is chosen because it exhibits positive enthalpy of mixing with the Mg-Cu-Gd-Ag glass-forming matrix with superior thermal properties. 19 Besides, Mo has particularly high resistance to corrosion by mineral acids, which is expected to be beneficial to improve the poor resistance to acids of Mg-based BMGs. 20 The composition of Mg 58 Cu 28.5 Gd 11 Ag 2.5 is selected as the raw alloy for preparing the BMG composites. The details of the preparation of the MgCuGdAg metallic glasses have been presented elsewhere. 19 While melting, high purity porous Mo particles with a spherical shape and a size of 20-70 m were added into the matrix alloy under argon atmosphere. Mechanical stirring was exerted to enhance the homogeneous mixing and infiltration of the porous particles with the melt. The volume fraction of porous Mo particles ranges from 10% to 25%. The composite alloy ingot was remelted by induction melting in a quartz tube and injected into a water-cooled Cu mold by argon pressure to result in the BMG composite rods measuring 2 mm in diameter. The microstructure of the specimen was characterized by x-ray diffractometer ͑XRD͒ with monochromatic Cu K␣ radiation. The compression tests were performed under a strain rate of 5 ϫ 10 −4 s −1 at room temperature. The compression samples were 4 mm long and 2 mm in diameter. The distribution of Mo particles and the morphology of fracture surface were examined by field emission scanning electron microscope ͑SEM͒ with energy dispersive spectrometry capability.
The SEM micrograph of the polished cross-sectional surface of the BMGC containing 20 vol % porous Mo particles is shown in Fig. 1 . The inserted XRD pattern demonstrates that the diffuse hump originated from the amorphous matrix superimposed with the crystalline peaks from the Mo particles. Differential scanning calorimeter ͑DSC͒ results of the BMGC reveal the similar glass and crystallization response as the matrix glass. There seems to be no obvious chemical reaction taken place at the interface and thus no effect to lower the glass forming ability. Compression tests reveal the apparent improvement in both plastic strain and stress for the porous Mo particles reinforced Mg based BMGs, with respect to the parent Mg 58 Cu 28.5 Gd 11 Ag 2.5 glass. The Mg-based BMGCs containing 20-25 vol % porous Mo particles exhibit superior mechanical performance with compressive plastic strain up to 10% and the yield and ultimate compression stress up to 0.95 and 1.1 GPa, respectively, as shown in Fig. 2 . Multiple compression tests were conducted for confirming the reproducible trend and the scattering of the stress and strain is less than ±3% ͑or less than ±30 MPa͒ and ±5% ͑or around ±0.5% engineering strain͒, respectively. The compression strength and plastic strain achieved in the current composite is the optimum combination values recorded so far for Mg-based BMGCs. While a similar plastic strain has been observed in Mg-based BMGs with solid Nb particles, 9 their yield strength is only about 0.8 GPa. On the other hand, a higher compression strength of 1.3 GPa has been observed in TiB 2 -reinforced Mg-based BMGs, 10 but their plastic strain is only 2%-3%.
SEM observations on the fracture surface were performed to evaluate the function of the "porous Mo particles" on the improvement of mechanical performance. Figure 3͑a͒ shows that several porous Mo particles dispersed in the glassy matrix. Here, one can observe an interesting behavior that many microcrack traces ͑similar to the river patterns in fatigue tests, denoted by white arrows͒ terminated at the boundaries of porous Mo regions, as if these microcracks were absorbed by the Mo particles. It directly shows that the microcracks cannot easily propagate across the porous Mo particles, but are confined in the interparticle regions. Figure  3͑b͒ shows another example in a larger scale. Within the fine-scale compartments of the porous Mo particles, deformation and fracture traces can also be observed in the amorphous matrix, as shown in Figs. 3͑c͒ and 3͑d͒. These fracture traces should be a result of local shear banding within the amorphous matrix inside the porous Mo particle. The porous Mo particles have acted as effective stress concentrators, which can contribute to the enhanced plasticity by accommodating the glassy matrix deformation.
It is well known in the composite community that there are two possible ways to toughen a brittle matrix, through crack bridging by adding a soft second phase with a strong interface or through crack deflecting by adding a strong and hard phase with a weak interface. Compared with the Mgbased BMGs, Mo particles, if not porous but in a solid form, can be regarded as hard phase due to its higher modulus ͑327 GPa͒. However, no deflection or bifurcation of the microcrack path traces around the current porous Mo particles has been observed in the present study, as shown in Fig. 3 . Contrarily, the crack propagation is arrested by the porous Mo particles. These deformation characteristics are significantly different from that of solid ductile particles reinforced BMGCs, in which shear bands can shear through or traverse the particles sometimes. There seem to be some other physical reasons underlying to account for the improved ductility for the porous ductile particles reinforced BMGCs.
Firstly, we should emphasize that a uniform particle distribution, as shown in Fig. 1͑a͒ , was achievable due to the good wetting property between the Mo-and Mg-based BMGs. In addition, the Mo volume itself only occupies 70% of the porous Mo particle, and the rest 30% volume is infiltrated with the glassy Mg matrix. In comparison with the solid Mo particles in the same amount, the numbers of porous particles are 1.4 times higher than solid ones. Given the same amount of reinforced particles, the mean interspacing of the porous Mo particles is less than that of the solid Mo ones. This should favor to the confining the shear-banding behavior in the inter particle regions, thus, enable more halting propagation of the shear bands in the BMGs. 2 It is known that the deformation occurs mainly through a shear-banding mechanism in the amorphous matrix. Shear bands are initiated usually at sites of local stress concentration. 21 In this respect, due to the large elastic modulus difference between the particles ͑E = 327 GPa͒ and the amorphous matrix ͑E = ϳ 40 GPa͒, the stress concentration in the particle-matrix interface will propel the initiation of shear bands, so the porous Mo particles act in a way similar to the ductile reinforcements in amorphous alloys described in Refs. 9 and 22. Meanwhile, based on the concept of most shock wave propagations, any wave encounters an interface of another phase with a different composition or modulus, deflection and reflection of the initial wave would be induced. This effect would generate wave branching or deflection during the wave propagation. The rapid propagation of the shear band in BMGs could behave similarly to the shock wave propagation during high-rate deformation in many solid materials. However, due to the loose and porous nature, the Mo particles did not seem to impose the shear band deflection and reflection effects. A different energy absorption mechanism is involved.
The current dispersed porous Mo particles act as a network in the amorphous matrix, which separates and restricts the highly localized shear banding into many isolated small regions, avoiding shear through of the whole sample. For a given amount of particles, the porous particles will generate more interfaces between the reinforcements and matrix and, thus, can confine lots of microsized compartments of the Mg based glassy phase within the porous particles. This will result in the formation of multiple shear bands within or around the porous Mo particles, promoting the deformation to distribute more uniformly across the specimens and makes difficult for a propagating shear band to shear through the whole sample. As a result, the mechanical instability is retarded and the ductility is improved.
In summary, the BMG composites with porous ductile particles developed in the study may constitute a very promising material for structural applications due to their high compressive plastic strains ͑comparable to that of crystalline alloys͒ and high yield strength ͑comparable to or even better than the metallic glassy matrix͒. The porous ductile particles provide a better toughening effect than the solid counterparts, thus, this concept is of interest in promoting the practical use of amorphous materials. We consider that ductile particles with microscale pores can be widely used to toughen a variety of brittle amorphous materials.
